ABSTRACT Shiverer (shi) is an autosomal recessive mutation in the mouse characterized by an almost total lack of central nervous system myelin. While small amounts of other myelin components are present in the brain of the shi mouse, the four forms of myelin basic protein (MBP) are not detectable. Previous investigations by us and others indicate that the MBP gene has undergone a major rearrangement in the shi mutant. Herein, we report in detail the nature and extent of the rearrangement: a 20-kilobase region within the MBP gene is missing in the mutant. We map the 5' breakpoint ofthe deletion to the second intron and the 3' breakpoint to a site 2 kilobases beyond the last MBP exon. The junction of the upstream and downstream portions of the gene contains only one nucleotide not accounted for by the wild-type MBP gene sequence. The 3' side of the deletion occurs in the 3rd of 11 tandem repeats of a 31-base-pair sequence. This region is rich in alternating purine and pyrimidine stretches, sequences that have been associated with both Z-DNA structures and gene rearrangements. Mammalian oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS) produce a highly specialized multilamellar myelin membrane that surrounds the neuronal axons and greatly facilitates conduction of electrical impulses (reviewed in ref. 1). The myelin of the CNS has a relatively simple composition in which a family of closely related myelin basic proteins (MBPs) accounts for 30-40% of the total protein in the sheath (reviewed in ref. 2). Peripheral nervous system myelin contains a smaller and dispensable amount of the same MBPs (3, 4). Recent work by us (5) and others (6) has shown that a single gene encodes the family of MBPs and that the various forms of the MBPs are generated by a mechanism of alternative splicing of the mRNA.
MBP gene has undergone a major rearrangement in the shi mutant. Herein, we report in detail the nature and extent of the rearrangement: a 20-kilobase region within the MBP gene is missing in the mutant. We map the 5' breakpoint ofthe deletion to the second intron and the 3' breakpoint to a site 2 The structure of the shi recombination junction suggests that the donor DNA molecules were aligned in a partially homologous region before staggered cutting and joining occurred.
Mammalian oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS) produce a highly specialized multilamellar myelin membrane that surrounds the neuronal axons and greatly facilitates conduction of electrical impulses (reviewed in ref. 1) . The myelin of the CNS has a relatively simple composition in which a family of closely related myelin basic proteins (MBPs) accounts for 30-40% of the total protein in the sheath (reviewed in ref. 2) . Peripheral nervous system myelin contains a smaller and dispensable amount of the same MBPs (3, 4) . Recent work by us (5) and others (6) has shown that a single gene encodes the family of MBPs and that the various forms of the MBPs are generated by a mechanism of alternative splicing of the mRNA.
A number of mutations have been identified in mice that affect oligodendrocyte function and/or Schwann cell function and, consequently, lead to dysmyelination in the CNS and/or the PNS (reviewed in ref. 7) . The shiverer (shi) mutation is autosomal recessive and is characterized by the onset of tremors at about the 12th day of life, seizures at later times, and a progressive deterioration ending in an early death (8, 9) . The mutation principally affects oligodendrocyte functions and the CNS of the shi mice is almost entirely devoid of myelin membrane (10) . The normal amount of myelin is present in the PNS of these animals, but differences in its structure have been noted (4, 11, 12) . The primary defect in shi mice appears to be the absence of MBP (13) . By radioimmune assay, MBP levels in shi mice are <0.1% that of wild type (14) .
The shi allele has been mapped to chromosome 18 by Sidman et al. (15) using classic genetic techniques. The gene encoding the MBP family has also been mapped to chromosome 18 by in situ hybridization and Southern blot analysis of DNA isolated from mouse-hamster somatic cell hybrids (16) . Recent work by Roach et al. (17, 18) and by us (5) demonstrates that the MBP gene is structurally altered in the shi mouse and has led to the conclusion that the shi mutation is an allele of the MBP gene.
To 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. extracted or electroeluted prior to nick-translation. The nylon transfers were prehybridized in 5 x SSPE (1 x SSPE = 180 mM NaCl/10 mM NaPO4, pH 7.7/1 mM EDTA)/0.1% Ficoll/0. 1% polyvinylpyrrolidone/0. 1% bovine serum albumin/50% formamide/sonicated salmon sperm DNA (100 tug/m1)/1% NaDodSO4. Hybridization was carried out at 420C for 48 hr in a fresh portion of the same solution, but containing 10-20 x 106 cpm of denatured probe DNA. Transfers were washed in O.lx SSC (lx SSC = 0.15 M NaCl/0.015 M sodium citrate)/0.2% NaDodSO4 at 550C and exposed to x-ray film for 1-3 days.
DNA Sequencing. Fragments ofDNA to be sequenced were subcloned into pUC8 or M13 vectors and sequenced by either the dideoxy-chain termination method (23) or the chemical modification and cleavage method (24) .
RESULTS
Localization of the 5' Boundary of the shi Deletion in the MBP Gene. Analysis of shi mutant mouse DNA with probes from wild-type MBP genes has revealed that the MBP gene is partially deleted and several exons from the 3' portion of the gene are missing (5, 17, 18, 25) . We have extended the mapping studies in an effort to precisely localize the 5' boundary of the deletion. The organization of the MBP gene has been determined by restriction endonuclease mapping, Southern transfer analyses, and, ultimately, sequencing all exons and flanking regions (5, 18) . The gene is composed of seven exons spanning 32 kb of DNA. The information encoded in exons 2 and/or 6 are specifically deleted from some forms of mature MBP mRNAs-a phenomenon that accounts for the four forms of MBP found in the rodent.
We have examined the remnant of the MBP gene found in the shi mutant and compared it to the wild-type gene by Southern transfer analyses using a mixed cDNA probe that hybridizes to all seven exons (Fig. 1) . DNA from the shi mutant exhibited only two of the four BamHI fragments found in the wild-type DNA. The 15-and 7.5-kb fragments containing the first and second exon of the gene are present, but the 4.4-kb fragment containing the third exon and the 20-kb fragment containing exons 4, 5, 6, and 7 are absent in the shi DNA. Similar conclusions are drawn from the pattern obtained after digestion with EcoRI: only the 6.5-and 3.5-kb fragments containing the first two exons can be identified in the shi DNA. The deletion boundary, therefore, is located in the 11-kb intron 2, and since the 7.5-kb BamHI fragment containing exon 2 is intact in shi DNA, the deletion must start beyond the BamHI site defining the end of that fragment. We then used intron probes to precisely map the 5' boundary of Fig. 2 ) was used as a probe, a 7-kb BamHI fragment was detected in shi DNA, indicating that the deletion site was within this region.
A X phage library prepared from shi DNA was screened with the 3.5-kb BamHI fragment (B7) as a probe. Restriction enzyme mapping and analyses indicate that one of the two positive clones, clone 25, contains a 22-kb insert that extends from a site downstream of the second exon to a site 15 kb beyond the deletion site (Fig. 2) and contains the 7-kb BamHI fragment.
Identification of the 3' Boundary of the Deletion. Evidence presented in Fig. 1 and in the previous section indicates that the deletion in the shi mutant joined sequences near the second exon of MBP to sequences that lie beyond the end of the MBP gene. Clone 25 of shi DNA contains the sequences downstream from the deletion and could be used as a probe to identify them in wild-type genomic clones. We subcloned a 1.9-kb Kpn I/Sac I fragment that contained the sequences flanking the deletion site and used it to probe a set of overlapping X clones that contained information beyond the MBP gene; we were fortunate in finding that L2, a previously characterized MBP clone, contained sequences from the 3' side of the shi deletion. Southern transfer experiments demonstrated that a 1.5-kb Sac I fragment adjacent to the 3.2-kb Sac I fragment containing exon 7 was responsible for the positive hybridization signal (data not shown). In addition, the restriction enzyme map of the L2 clone aligns perfectly with the map of clone 25 (Fig. 2) . Taken together, these data indicate that the 3' boundary for the shi deletion was located within a few hundred bases of the 5'-most Sac I site of the 1.5-kb fragment.
Nucleotide Sequence of the DNA Surrounding the Breakage and Reunion Sites. We sought to better define the boundaries of the shi deletion and to examine the nucleotide sequence of the relevant regions of DNA in the hope that these data might reveal features of the recombinational events generating the mutation. To that end, the DNA in the region of the deletion site in the shi chromosome and the corresponding regions in the wild-type MBP gene were sequenced. Fig. 3 shows the restriction maps of these regions and the sequencing strategy used. A comparison of the sequences of the wild-type and shi DNA shown in Fig. 4 more nucleotides, usually pyrimidines, have been found in other DNA rearrangements and have been postulated to be a tailing activity of one of the enzymes involved in recombination (26) . The inclusion of only a single extra nucleotide suggests that a single recombinational event may have generated the deletion. The 3' side of the recombination site, which is located beyond the last MBP exon, occurs in the middle of a region of DNA that contains 11 tandem imperfect repeats of a 31-base-pair (bp) sequence. This tandem repeat is largely composed of alternating purine and pyrimidine residues and is preceded by a stretch of simple sequence (dG-dT)17. Stretches of alternating purine-pyrimidine residues have been associated with Z-DNA and, in some cases, recombinational events. The relationship of the tandem repeat, the 34-bp dG-dT stretch, and the breakage point in the DNA is illustrated in Figs. 3 and 4 . A frequently observed characteristic of DNA that has undergone illegitimate recombination is a short stretch of homologous sequence in both recombining DNA. We have searched the sequences near the 5' and 3' breakage points for stretches of homology and have * identified one area in which 15 of 20 bases (75%) are homologous (Fig. 5 ).
DISCUSSION
Mutations of mice that specifically affect myelin synthesis or maintenance fall into three categories: those like shi and jimpy (jp), which affect primarily oligodendrocyte function; those like trembler (Tr), which affect Schwann cell function; and, finally, those like quaking (qk) and twitcher (twi), which affect both Schwann cells and oligodendrocytes and, consequently, both PNS and CNS myelination (reviewed in ref. 7) . All three categories of mutations exert pleiotropic effects, making it difficult to correlate the mutation with a specific primary deficiency. The shi mutation, for example, results in a dysmyelination characterized by reduced levels of galactolipids, cholesterol, proteolipid protein, and the four forms of MBP (8, 13, 27) . Despite this pleiotropy, many investigators have suggested that the shi mutation primarily affects MBP gene expression and only indirectly affects the other characteristics because the levels of the MBP are most severely reduced (14, 28) . The demonstration by Roach et al. (17, 18) , Kimura et al. (25) , and us (5) that the shi mice have an altered MBP gene strongly supports this interpretation. The association between the shi mutation and the MBP gene is also strengthened by the demonstration that both loci map to chromosome 18 (15, 16, 18) .
Even though all available evidence indicates that the shi mutation is a deletion of the MBP gene, the details of the rearrangement had not been explored heretofore. In this communication, we precisely map the 5' and 3' termini of the deletion, establishing that it is a 20-kb deletion that removes exons 3, 4, 5, 6, and 7 ofthe MBP gene. By locating the 3' end of the deletion to a point 2 kb downstream of the last MBP exon, we demonstrate that the shi mutation is confined to a single gene. Thus, the changes in the levels of other constituents of myelin are likely to be secondary effects ofthe lesion in the MBP gene.
We have studied the deleted sequences as well as the sequences flanking the deletion site for elements that might shed light on the events leading to the formation of the deletion. Three organizational elements of the DNA were identified and bear further comment: an extensive stretch of alternating purine and pyrimidine residues, a tandem array of 11 repeats of a 31-bp sequence also containing an alternating AAGTGGTTCACA-GAT--AGATTGGCTGTTGACCTT pyrimidine-purine sequence, and a short sequence homology between opposite ends of the deletion.
The 3' region of the deleted DNA sequence contains two stretches of alternating purine and pyrimidine residues. Within 250 bases of the distal breakpoint is the sequence (dG-dT)17. This alternating pyrimidine-purine sequence has been identified in eukaryotic genomes and shown to be present 105 times or, on the average, once every 3 x 104 kb in the mouse (29, 30) . Judging from the few examples of this simple DNA that have been sequenced, they frequently contain arrays of 15-30 dG-dT repeats (30, 31) . Both regions of alternating purine-pyrimidines near the distal breakpoint are of potential interest because DNA of this type has been shown to assume a Z or left-handed helical conformation under mild conditions such as those imposed by the torsional stress of superhelicity (32) (33) (34) . Furthermore, the (dG-dT) sequence or Z-DNA has been identified near the sites of both homologous and nonhomologous recombination (31, 35, 36) .
The second feature of the recombination site is a 31-base repeated sequence. The sequence data of Fig. 2 and the schematic diagram of Fig. 4 show that the 3' side of the deletion occurs in the 3rd of the 11 tandem repeats. This repeated array is notable for several reasons, including the abundance of alternating punines and pyrimidines discussed above. The number of tandem copies is low when compared to the highly reiterated sequences of satellite DNA (37, 38) . It is not related to the known interspersed (SINE or LINE) repeat sequences (38) (39) (40) (45) . Furthermore, the alignment of the parental sequences places the breakage and reunion sites of the MBP sequences 14 nucleotides apart (Fig. 5) . Thus, the sequences surrounding the MBP deletion best conform to the model proposed by Anderson et The thorough characterization of the shi mutation and the cDNA clones encoding the individual forms of MBP (5) should open the way for interesting transgenic studies directed at understanding the role of the individual forms of the MBP and the origin of the pleiotropy exhibited by the shi deletion.
